A combination of negative ion nano-electrospray ionization Fourier-transform ion cyclotron resonance and quadrupole time-of-flight mass spectrometry was applied to analysis of oversulfation in glycosaminoglycan oligosaccharides of the chondroitin sulfate type from bovine aorta. Taking advantage of the high-resolution and high mass accuracy provided by the FT-ICR instrument, a direct compositional assignment of all species present in the mixture can be obtained. An oligosaccharide fraction containing mainly hexasaccharides exhibited different levels of sulfation, indicated by the presence of species with regular sulfation pattern as well as oversulfated oligosaccharides with one additional sulfate group. Oversulfation can be directly identified from the high-resolution/high mass accuracy FT-ICR mass spectra according to their specific isotopic fine structure. Location of sulfate groups was analyzed by Q-TOF MS and low-energy CID MS/MS. Tetrasulfated hexasaccharides were analyzed by use of collision-induced dissociation at variable collision energy for an unambiguous assignment of the attachment site of the sulfate groups by minimizing unspecific neutral losses. Cleavage of glycosidic bonds gave rise to B-and C-type ions and their respective complementary Y-and Z-type fragment ions. (J Am Soc Mass Spectrom 2007, 18, 179 -187)
A combination of negative ion nano-electrospray ionization Fourier-transform ion cyclotron resonance and quadrupole time-of-flight mass spectrometry was applied to analysis of oversulfation in glycosaminoglycan oligosaccharides of the chondroitin sulfate type from bovine aorta. Taking advantage of the high-resolution and high mass accuracy provided by the FT-ICR instrument, a direct compositional assignment of all species present in the mixture can be obtained. An oligosaccharide fraction containing mainly hexasaccharides exhibited different levels of sulfation, indicated by the presence of species with regular sulfation pattern as well as oversulfated oligosaccharides with one additional sulfate group. Oversulfation can be directly identified from the high-resolution/high mass accuracy FT-ICR mass spectra according to their specific isotopic fine structure. Location of sulfate groups was analyzed by Q-TOF MS and low-energy CID MS/MS. Tetrasulfated hexasaccharides were analyzed by use of collision-induced dissociation at variable collision energy for an unambiguous assignment of the attachment site of the sulfate groups by minimizing unspecific neutral losses. Cleavage of glycosidic bonds gave rise to B-and C-type ions and their respective complementary Y-and Z-type fragment ions. (J Am Soc Mass Spectrom 2007, 18, 179 -187) © 2007 American Society for Mass Spectrometry P roteoglycans (PGs) are ubiquitously distributed in connective tissue and on the cell surface of mammalian tissues. They are actively participating in cell growth, differentiation and morphogenesis [1] [2] [3] . PGs consist of a core protein to which glycosaminoglycan (GAG) chains are attached through a specific oligosaccharide linkage region. The major biological importance of GAGs derives especially from their recognition function as GAGs have been shown to possess active domains, which interact with a number of growth factors, cell membrane receptors, or other important functional proteins [4 -8] . The polysaccharide structure of GAGs consists of alternating blocks with characteristic epimerization and sulfation patterns. With respect to the structural type of the disaccharide repeating unit, GAG chains are categorized into chondroitin sulfate (CS), dermatan sulfate (DS), heparan sulfate (HS), heparin, hyaluronic acid (HA), and keratan sulfate (KS) DS, previously called chondroitin sulfate B, and CS are structurally similar. In CS, the hexuronic acid within the repeating disaccharide unit is the D-glucuronic acid (GlcA), whereas that in DS is either l-iduronic (IdoA) or d-glucuronic acid. In DS two types of disaccharide units are found, viz., -4GlcA␤1-3GalNAc␤1-and -4IdoA␣1-3GalNAc␤1-. The standard disaccharide unit is modified by sulfation in the Gal-NAc moiety. The GalNAc unit may be sulfated in position 4 or 6, while a minor proportion of the uronic acid may be sulfated in position 2, if an additional sulfate is present. The GlcA residues are found in disaccharides containing either GalNAc-4-O-sulfate, GalNAc-6-O-sulfate, or GalNAc, while the IdoA is exclusively attached to the GalNAc-4-O-sulfate [9] . The modification of IdoA by sulfation gives rise to an increased charge density within the GAG chain being one factor controlling the binding affinity and determining the functional interaction with potential binding partners [9] .
In view of the relevance of GAG oligosaccharides in many biological systems, systematic studies were conducted for the complete compositional and structural characterization on one hand and for correlating the GAG saccharide sequence with their complex functions on the other [10 -15] . There is an emerging evidence that the function of CS/DS GAGs is affected by their diverse assembly with respect to chain length, variable sulfation, and IdoA contents [9] . Hence, the development of specific, sensitive, and accurate methods for their detailed structural analysis is required.
In the past decade, mass spectrometric investigation of gaseous ions generated by either matrix assisted desorption/ionization (MALDI) or electrospray ionization (ESI) contributed an essential progress to the field [10 -13, 15-18] . The most severe problems in the analysis of GAG mixtures were found to be associated to the ionization of intact long GAG chains, in-source fragmentation of the labile sulfate groups, generation of the multiply charged ions of high molecular weight GAG species of reduced sulfate content, and finally to the impossibility to distinguish ions of close m/z values [19 -21] . Moreover, in the case of ESI MS, the spectra often exhibit complex pattern even for a single component, since ions bearing different charge states and, in many cases, one or more alkali counter ions, give rise to signals at different m/z values. For complex mixtures, the spectrum might, therefore, become impossible to interpret due to the overlapping of isobaric species. For these reasons, the structural analysis of complex GAG mixtures claimed lately for the combination of MS with efficient separation techniques such as capillary electrophoresis [19, 20, 22, 23] , high-performance liquid chromatography [13, 24] , high-performance cation exchange [25] , or size exclusion chromatography [26] . These strategies, however, include several analytical steps such as separation, MS screening, and sequencing of the GAG species in on-line, on-the-fly tandem MS [10] , entailing specially designed interfaces and laborious optimization procedures.
Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS) represents an alternative approach for the analysis of complex mixtures owing to its unique specifications such as high resolving power, mass accuracy, high sensitivity, and dynamic range [27] . Several studies have demonstrated the potential of FT-ICR MS for complex mixture elucidation, e.g., crude oil samples [28] , peptide mixtures from digestion procedures [29] , or glycoconjugate mixtures [30] . McClellan et al. have studied the fragmentation of regularly sulfated CS-oligosaccharides by use of SORI-CID FT-ICR MS [16] and Aguilan et al. demonstrated the potential of Nano-ESI FT-ICR MS for the analysis of ␣-carrageenan sulfated oligosaccharides [31] . Recently, the noncovalent binding of chemokines to heparin octasaccharides and other potential ligands has been examined by use of high resolution FT-MS techniques [4, 5, 32] .
In the present study, we describe the potential of FT-ICR MS to detect and analyze regularly sulfated and oversulfated GAG species in a mixture of oligosaccharides obtained from bovine aorta taking advantage of the high resolving power and accurate mass determination. Furthermore, nano-ESI Q-TOF CID performed at different collision energies provides information for the unambiguous determination of the sulfation position.
Experimental

Reagents and Materials
Methanol was obtained from Merck (Darmstadt, Germany) and used without further purification. Distilled and deionized water was obtained from Mili-Q Millipore Water Systems (Bedford, MA). Aqueous sample solutions were dried in a Speed Vac SPD 111V evaporator (Savant, Düsseldorf, Germany). Omega glass capillaries used in nano-ESI experiments were purchased from Hilgenberg (Malsfeld, Germany), and in-house pulled using a vertical pipette puller model 720 (David Kopf Instruments, Tujunga, CA).
Sample Preparation
The GAG chains from hybrid CS/DS proteoglycans were obtained from bovine aorta as described previously [1, 11] .°Briefly,°the°GAG°chains°were°released from the CS/DS proteoglycans (100 g) by a ␤-elimination reaction in 40 L 0.15 M NaOH and 1 M NaBH 4 for 20 h at 37°C. The mixture was neutralized with 50% acetic acid, diluted with 200 L 150 mM NaCl, 20 mM Tris-HCl, pH 7.4, and applied to a Biogel TSK DEAE-5PW (Biorad, München, Germany) anionexchange chromatography column. After washing with 1.5 mL 150 mM NaCl, 20 mM Tris-HCl, pH 7.4, free GAG chains were eluted with 1.5 mL of 1.0 M NaCl, 20 mM Tris-HCl, pH 7.4, dialyzed against water, and lyophilized. Depolymerization of CS/DS was carried out by digesting 0.5 mg of GAGs with 1 mU chondroitin B lyase (Seikagaku Kogyo, Tokyo, Japan) in 200 L 50 mM Tris/HCl, pH 8.0, containing 60 mM sodium acetate, 60 mM NaCl, 0.01% bovine serum albumin and 3 mM NaN 3 for 2 h at 37°C. After the first hour of incubation, 1 mU of enzyme was added again. The enzyme cleaves the linkages in DS between GalNAc and l-IdoA by elimination irrespective of the sulfation pattern. Size fractionation of oligosaccharides was performed on a Superdex Peptide HR10/30 column (Amersham-Pharmacia, Freiburg, Germany) equilibrated and eluted with 0.5 M NH 4 HCO 3 at a flow rate of 0.5 mL/min with UV detection at 232 nm. Fractions of 150 L were collected, and the hexasaccharide peak of CS was pooled and desalted on a prepacked D-Salt column, MW 1000 (Perbio Science, Bonn, Germany).
Mass Spectrometry Nanoelectrospray quadrupole time-of-flight tandem mass spectrometry (nano-ESI-Q-TOF-MS/MS)
. Nano-ESI-Q-TOF-MS and tandem MS was performed with an orthogonal hybrid quadrupole time-of-flight mass spectrometer (Q-TOF Micromass, Manchester, United Kingdom) equipped with a Z-spray ion source.
For nano-ESI-QTOF-MS experiments, about 30 L of aqueous hexasaccharide fraction was completely evaporated and the resulting dry substrate was dissolved in 20 L H 2 O/MeOH (40/60) solution.
All mass spectra were acquired in the negative ion mode with a capillary voltage of 800 V and a sampling cone potential of 18 V. The nano-ESI parameters, such as capillary and sampling cone potential, source block temperature (80°C), desolvation gas pressure (nominal flow: 100 l h Ϫ1 ) were optimized to obtain a stable spray and to avoid the loss of sulfate groups from the ionized GAG molecules by in-source fragmentation. Tandem mass spectrometry was performed by collision-induced dissociation at variable kinetic energies as described previously°[10,°11]°using°Ar°at°a°nominal°pressure°of 10 Ϫ3 Pa as the collision gas. Briefly, in the CID experiment the acceleration voltage was gradually increased from 8 to 30 V during the ongoing MS/MS experiment to obtain all structural-informative product ions. The fragmentation spectrum was combined from the total ion chromatogram acquired for 20 min (corresponding to 600 scans) within the whole range of the employed collision energy. Consequently, in the CID mass spectra obtained at different collision energies, as many fragment ions as possible of the GAG molecule were detected.
Nanoelectrospray Fourier transform ion cyclotron resonance mass spectrometry. Measurements were performed using a Bruker Apex II FT-ICR mass spectrometer equipped with a 9.4 T actively shielded magnet. Gasphase ions were generated from solutions containing approximately 5 pmol/L of the analyte material in water/methanol/ammonia (65/35/0.1, vol/vol/vol) by nano-ESI in the negative ion mode using an Apollo ion source. Typical source conditions were: capillary voltage: 650 V and a capillary exit voltage of Ϫ60 V to minimize unintended capillary skimmer dissociation as well as formation sodium adducts. The electrospray generated ions were accumulated for 0.5 s in the hexapole located after the second skimmer of the ion source and then transferred into the ICR cell. The ions were trapped inside the Infinity TM ICR cell either by application of a "sidekick" or without "sidekick" at different ion extraction times to trap only ions of a desired m/z range by gated trapping. The trapping voltages were set to Ϫ0.9 V at both trapping electrodes. All mass spectra were acquired in the broadband mode with 1 M word data points. The time-domain signals were zero-filled once and apodized by a quadratic sine bell function before Fourier transformation. For all spectra shown 64 scans were accumulated. Only peaks that exhibited a sufficient signal to noise ratio to observe the corresponding isotopomeric peaks were included in the assignments.
Spectra were calibrated externally by use of the commercially available HP-calibration mixture.
Results and Discussion
Structural Characterization of the Hexasaccharide Species by Nanoelectrospray Quadrupole Time-of Flight Tandem Mass Spectrometry
The negative ion mode nano-ESI-QTOF mass spectrum of the hexasaccharide fraction obtained in the negative ion°mode°is°depicted°in°Figure°1.
The most abundant ionic species is a regularly sulfated hexasaccharide containing one SO 3 As expected, the triply charged trisulfated hexasaccharide ions with m/z 458.19 give rise to the most intense signal for which the number of the negative charges equals the number of the sulfate groups. In the hexasaccharide molecule, a double-bond indicating the presence of the ⌬-4,5-UA building block was formed by elimination during the enzymatic cleavage of the polysaccharide chain (DS) by chondroitin B lyase.
Besides this trisulfated hexasaccharide, two additional hexasaccharide species, both oversulfated, were detectable. The triply charged ions at m/z 490.77 were assigned to a saturated tetrasulfated hexasaccharide, accompanied by triply charged ions detected at m/z 484.72 attributed to an unsaturated tetrasulfated hexasaccharide, indicating the presence of the ⌬-4,5-UA at the nonreducing end like in ⌬-4,5-UA GalNAc[GlcAGalNAc] 2 (4S). The same pattern is found for the triply charged ions at m/z 517.31 corresponding to the saturated hexasaccharide along with the unsaturated congener at m/z 511.39 assigned to the HexAGalNAc-[GlcAGalNAc] 2 (5S) species.
In the pooled hexasaccharide fraction, small amounts of octasaccharide species were detected. The spectrum reveals the presence of an octasaccharide, i.e., HexAGalNAc[GlcAGalNAc] 3 (4S) of regular sulfation pattern. This species has been detected as doubly charged ions of low abundance at m/z 934.44. An interesting aspect is that the content of undersulfated hexasaccharide structures either present in the mixture and/or formed by sulfate loss by in-source decay is rather low. The disulfated hexasaccharide species was barely detectable at m/z 431.24 while the monosulfated species was not observed at all.
To further elucidate the structure of the oversulfated species present in the mixture the triply charged ions of m/z 484.72 corresponding to a composition of ⌬-4,5-UA GalNAc[GlcAGalNAc] 2 (4S) hexasaccharides have been chosen for sequencing in a tandem MS experiment by applying°CID°at°variable°collision°energies°(cf.°Figure 2a,°b,°c,°and°d).
Under optimized CID conditions, a high number of diagnostic fragment ions relevant for structural elucidation was obtained. The fragment ions were assigned (cf.°Figure°2)°assuming°that°chondroitin°B°lyase°cleav-age leads to formation of a 4,5 double-bond in the IdoA building block at the nonreducing end. The presence of fully and oversulfated fragment ions demonstrates that under CID conditions used in this study the cleavage of all glycosidic bonds was detected whereas the desulfation process has been induced only to a limited extent. The rather large number of scans accumulated under extremely mild MS/MS conditions enhanced the formation of doubly charged fragment ions, reasonably more stable°with°respect°to°the°sulfate°group°loss° [17] .°The fragment ions Y 1 , Z 1 , Y 2 , Y 3 , and Z 3 documented a part of°the°sequence°at°the°reducing°end°(cf.°Figure°2).°These ions characteristic for the regular sulfation have ascertained the distribution of the sulfate moieties at the reducing end. The nonreducing end of the molecule was characterized by B 2 , C 2 (or Z 2 ), B 3 , and C 3 fragment ions corresponding to the nonsulfated UA and the monosulfated IdoAGalNAc, exhibiting clear evidence for the localization of the SO 3 group at the GalNAc moiety of the disaccharide. Since ⌬-unsaturated CS oligosaccharide ions would lead to isobaric C n and Z n fragment ions, if n is an even number, no unambiguous assignment°of°these°species°is°possible° [16] .°The°six oversulfated sequence ions, i.e., C 3 ** Ϫ , C 4 ** 2Ϫ (or Z 4 ** 2Ϫ ), C 5 ** 2Ϫ , Y 4 ** 2Ϫ , Y 5 ** 2Ϫ , Z 5 ** 2Ϫ ; generated by cleavage of the glycosidic bonds provided evidence for the localization of the additional sulfate at the first GlcA entity from the non-reducing end in the hexasaccharide molecule°(cf.°Figure°2°and°Scheme°1).°By°increasing°the collision energy during the CID experiment, internal cleavages rendering shorter sequences were obtained. The latter provided useful information on the structure of the repeating disaccharide unit of the GAG chain and, in particular, for the determination of the fourth sulfate group position. The fragment ions of m/z 237.30 (Z 4 /B 3 ** Ϫ ) and m/z 273.29 (Y 4 /C 3 ** Ϫ ) are unique for a sulfated glucuronic acid at the third monosaccharide unit from the nonreducing end, therefore, corroborating the assignment of the position of the additional sulfate group. The structure of the ⌬-4,5-UA GalNAc-[GlcAGalNAc] 2 (4S) hexasaccharide, which was derived from CID experiments performed at different collision energies, is shown in Scheme 1.
Analysis of the Glycosaminoglycan Mixture by Nanoelectrospray Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
To apply an alternative approach for the exploration of the sulfation status of the oligosaccharide species present high-resolution FT-ICR-MS has been considered for analysis of the gas-phase ions generated by nano-ESI from the same mixture.
A representative negative ion mode nano-ESI FT-ICR mass spectrum of the hexasaccharide fraction obtained under°sidekick°trapping°conditions°is°shown°in°Fig-ure°3.
The high resolving power of the instrument used (ϳ80,000 in the broadband mode at m/z 1000) allows the detection of more than 80 singly, doubly, and triply charged distinct ionic species (without taking into account isotopomeric species) corresponding to 15 molecular species. The mass accuracy obtained is typically better than 1.5 ppm. Almost all species detected in the Q-TOF experiment were also obtained in different charge states and different degree of cationization, i.e., mainly attachment of sodium and ammonium cations. Similar to the spectra obtained with the Q-TOF instrument, the unsaturated hexasaccharide species with reg- ular sulfation pattern gives rise to the most intense signals in the spectrum.
Since most species detected appear in different charge states and under different degrees of cationization, much information derived from the spectrum depicted°in°Figure°3°appear°to°be°redundant.°Therefore, the same sample has been measured under different trapping conditions, i.e., gated trapping without application of a sidekick. Taking advantage of the intrinsic time-of-flight effect of the instrument used in this experiment, ions appearing only in a small mass window at low m/z values have been trapped. This leads to a significant reduction of the number of ionic species present in the ICR cell, enhancing the resolution under the present experimental conditions as has been demonstrated for instruments equipped with a quadrupole allowing°the°preselection°of°a°desired°mass°range° [33] . Furthermore, it has been shown that the intrinsic resolving power of ICR instruments is an inverse function of the°m/z ratio° [27] .°Thus,°trapping°ions°in°higher°charge states at lower m/z values gives rise to more valuable information. Recently, a similar experimental approach has been introduced by Wong and Amster to increase the°dynamic°range°of°an°FT-ICR°instrument° [34] .
The negative ion mode nanoESI FT-ICR mass spectrum of the hexasaccharide fraction acquired by application of the intrinsic time-of-flight effect to trap preferably highly charged species with low m/z values is shown°in°Figure°4.°The°different°species°detected°in°the mixture along with their predicted and experimentally obtained°m/z values°are°listed°in°Table°1.°Under°the present experimental conditions, quadruply and triply charged ions, mainly [⌬-4,5-UA GalNAc(GlcAGalNAc) 2 
3Ϫ with m/z 343.29 and 458.06, representing regularly sulfated species were detected. Even if the source conditions were adjusted to minimize in-source fragmentation, a few fragment ions were also observed. Closer inspection of the mass spectrum in the m/z region near 458, however, reveals the presence of at least°two°higher°homologues°(cf.°inset°Figure°4).
The high resolving power of the instrument exhibits the superposition of regularly sulfated octa-and decasaccharides which are 4-and 5-fold charged, respectively. These can be unambiguously identified by the scale expansions of the region for the third isotopomeric peaks together with the theoretical relative intensities at a mass resolving power of 180,000 are depicted. In both cases the peaks generated by the isotopomers containing either two 13-carbon or one 34-sulfur can be distinguished. The observed m/z separation (0.0028 and 0.0031) are in good agreement with the theoretical separation (0.0028) for the quadruply charged species under inspection. Therefore, the experimentally observed isotopic pattern for the ⌬-[4,5-UA GalNAc-(GlcAGalNAc) 2 (4S) Ϫ 4H] 4Ϫ ions clearly reflects the increased sulfur contents compared with the regularly sulfated species.
Conclusions
The analysis of an oligosaccharide oversulfation in chondroitin sulfate oligosaccharides from bovine aorta was successfully performed by use of a combination of nanoelectrospray ionization quadrupole time-of-flight (Q-TOF MS) and Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). Collision-induced dissociation of oversulfated precursor ions at various collision energies gave rise to a good sequence coverage by B-and C-type as well as Y-and Z-type ions formed by cleavage of the glycosidic bonds, without elimination of the relatively labile sulfate group. By this approach, a full set of sequence ions as well as diagnostic ions formed by internal cleavages were detected allowing the direct and unambiguous determination of the sulfation pattern of the species under inspection. On the other hand high-resolution/high mass-accuracy data obtained by use of FT-ICR-MS provided direct insight on the sulfation status of the oligosaccharide species present in the mixture. Using the intrinsic time-offlight effect of the instrument used in this study only ions with lower m/z values were allowed to enter the ICR cell. By this, the number of ionic species were significantly reduced and ions with low m/z values were trapped. Thus, the resolving power is increased without reducing the amount of information on the species present in the mixture. Resolving the isotopic fine structure and separating isotopomers containing either two 13 C-isotopes or one 34 S-isotope leads directly to an identification of oversulfated species.
